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ABSTRACT

Scanning electron microscopy of sage (Salvia officinalis L.) leaves
confirmed the presence of two basic types of glandular trichomes con-
sisting of a capitate stalked form containing a multicellular stalk and
surmounted by a unicellular secretory head, and a capitate sessile form
containing a unicellular stalk and unicellular, or multicellular, secretory
head. In the latter type, secretory activity and filling of the subcuticular
cavity may begin at virtually any stage of the division cycle affording
fully developed glads containing from one to twelve cells in the secretory
head. Gas liquid chromatographic analysis of the oil content of the most
numerous gland species (capitate stalked, capitate sessile with one and
with eight secretory cells) indicated only minor quantitative differences
in essential oil composition. Thus, each gland type is capable ofproduing
the four major monoterpene families (p-menthanes, pinanes, bornanes
and thujanes) characteristic of sage.

and eight-celled heads) and histochemical evidence has been
presented to suggest that oil composition varies with gland type
(21). Based on gas chromatographic analysis of the glandular
contents of other Lamiaceae (3, 13, 15), both quantitative and
qualitative variation in oil content between different gland types
of the same tissue have been described.
We have previously noted the presence of several gland types

on S. oficinalis leaves, suggested an ontogenic sequence for the
origin of the capitate sessile glands (containing from one to eight
secretory cells), and showed the camphor content of the leaves
to increase in proportion to the number of filled glands (peltate)
which appear on the leaf surface during expansion (5). Since S.
oficinalis bears many apparent gland-types (or several develop-
mental populations of but a few gland types) and produces an
oil of considerable complexity (containing monoterpenes of the
structurally distinct p-menthane, bornane, pinane and thujane
families) (7, 16), it was of interest to investigate in greater detail
the origin ofthe glandular trichomes and to examine directly the
oil content of these structures.

The production ofessential oils and resins in plants is generally
associated with the presence of specialized secretory structures
such as glandular trichomes and oil or resin ducts (10, 19). Such
structures contain the monoterpenes, sesquiterpenes, and diter-
penes characteristic of the oil or resin of the plant and there is
little doubt that they are the primary sites of terpene accumula-
tion (6, 9, 11, 14, 20). Although not conclusively demonstrated,
considerable indirect evidence (6, 9, 17) suggests the various
terpenoid types are synthesized within the secretory cells of such
structures.
Among the Lamiaceae, the primary secretory organ is the

glandular trichome, the detailed structure of which varies widely
with species. Mentha piperita, for example, possesses two types
of secretory trichomes, both types with unicellular base and stalk
but bearing a head consisting ofeither one or eight secretory cells
(1, 2). In both gland types, oil accumulates in a bulbous, subcu-
ticular chamber. In Monardafistulosa (12), Origanum dictamnus
(4), and Pogostemon cablin (15), similar glandular trichomes are
observed. However, in 0. dictamnus the gland-head is comprised
of 12 secretory cells and in P. cablin, glands with four-celled
heads predominate. P. cablin, in addition, bears secretory hairs
within the mesophyll (15). In various Salvia species, sessile glands
are present as are long-stalked capitate glands (18, 21). At least
four discrete gland types have been ascribed to Salvia officinalis
(long-stalked glands and sessile glands bearing one-, two- to four,
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MATERIALS AND METHODS

Sage (S. officinalis L.) plants were grown from seed under
controlled conditions described previously (5, 8). Plant tissues
(intact small leaves or leaf pieces) were fixed for 1 h at 28°C in
3% glutaraldehyde in 100 mM Na-phosphate buffer at pH 7.3.
After rinsing in fixative buffer, the tissues were postfixed for 1 h
at 28°C in 2% OSO4 in distilled H20 and subsequently rinsed
with distilled H20 (2-5 min). Tissues were dehydrated in a graded
ethanol series, critical point dried, gold-coated by standard pro-
cedures and observed at 20 kv within a month of preparation.
Preliminary field counts made while observing were verified
using the resulting micrographs.
The different gland types were manually collected with the aid

ofa fine steel needle (under magnification x 50) and oil-extracted
by immersion of the pooled glands in 0.2 ml of redistilled ether
at OC. Analysis ofthe extracts was performed on a Perkin-Elmer
Sigma 3B Chromatograph (FID) equipped with a 25- m fused
silica capillary column coated with Carbowax 20 M and operated
at 60°C for 15 min and programmed to 190°C at 5C/min
(injection temperature = 185°C, detection temperature = 220°C,
2 ml/min N2 flow). Coupled GLC-MS was performed on a
tandem Hewlett-Packard 5840A-5985B system using similar
chromatographic conditions in the El mode (ionization at 70
ev). Mass spectra were compared to those ofauthentic standards.

RESULTS AND DISCUSSION
Initial observations indicated a fairly uniform distribution of

glandular trichomes on both abaxial and adaxial leaf surfaces,
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with higher densities on the abaxial surface (Fig. la). Two basic
types of glandular trichomes are present: capitate stalked glands
comprised ofa multicellular (2-3 cells) stalk with a small bulbous
head consisting of a single secretary cell with enlarged subcuti-
cular chamber within which oil accumulates; and capitate sessile
glands (peltate) consisting of a basal cell, unicellular stalk and
heads presumed to comprise from one to many cells and with
varying degrees of filling of the subcuticular space. Figure 1, a
and b, shows fields with the two basic types of glandular tri-
chomes as they appear on the abaxial leaf surface.
Many observations of leaves of differing maturity indicated

that both juvenile and filled sessile glands are present on imma-
ture leaves, with the former outnumbering the latter. The pro-
portion ofjuvenile glands decreases with leaf expansion, and few
such glands are present on mature leaves. Juvenile glands are
evidenced by the presence of a highly convoluted, unstretched
cuticle with obvious division planes indicating an unfilled extra-
cellular cavity (Fig. 1, c and d). sessile glands containing two-,
four-, and eight-celled heads were also observed to be actively
secreting oil as indicated by filling of the subcuticular chamber
with separation of the cuticle from the uppermost walls of the
secretary head cells (Fig. 1, c and e). The head cell numbers of
fully enlarged peltate glands were difficult to determine since the
cell outlines were seldom visible beneath the bulbous subcuti-
cular chamber (Fig. 10. However, the cuticular covering of a
sufficient number of glands of this type did rupture during

fixation and/or critical point drying, revealing the inner disc of
the head and allowing ready determination of cell numbers (Fig.
lg). Most glands of this larger type (some 30-40% of the sessile
gland population) contained eight cells in the head structure;
however, head structures comprised of 10 or 12 cells were also
noted (Fig. lg) although they constituted a relatively small pro-
portion ofthe sessile gland population. The larger the gland head,
the more likely was the possibility of cuticular rupture, no doubt
indicating a thinner, more fragile envelope surrounding these
structures.
Few very immature stalked glands were obvious, yet careful

observation did reveal heads of differing size which presumably
reflects a difference in the time of onset of secretary activity of
the head cell.
No obvious differences were observed in the nature of the

stubby gland initials which may indicate that all types of sessile
glands are derived from the same type ofprotodermal emergence.
On the basis of these observations, it appears the development
of the glands in sage proceeds, as in related species (2, 4, 12), by
periclinal division of the initial to produce the stalk cell which
in turn divides to provide the first secretary cell. This uppermost
cell then divides anticlinally, providing glandular heads of two,
four, eight and occasionally 10 or 12 cells. Of particular interest
is the observation that significant numbers of glands initiate
secretary activity at intermediate developmental stages (as evi-
denced by filling of the subcuticular space and the cessation of

I
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FIG. 1. Scanning electron micrographs ofthe glandular trichomes on the surface of sage (S. officinalis) leaves. a (calibration bar =50Mum), abaxial
surface illustrating the distribution ofcapitate stalked and sessile glandular trichomes; b (calibration bar = IO um), abaxial crevice containing capitate
stalked glands and immature sessile glands; c (calibration bar = 10 ;Mm), juvenile sessile gland with two-celled head (lower right) and similar gland
after initiation of secretary activity (upper left); d (calibration bar = 10 Mum), juvenile sessile gland with four-celled head; e (calibration bar = 7.5
Mm), sessile gland with four-celled head after initiation of secretary activity and separation of the cuticle from the head cells; f (calibration bar = 5
Mm), mature sessile gland with eight-celled head and secretary cavity near full expansion; g (calibration bar = 10 Mm), mature sessile gland with
ruptured cuticle and exposed twelve-celled secretary head.
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FIG. 2. Capillary gas-liquid chromatograms of the oil extracted from

capitate sessile glands containing eight secretory cells (A) or one secretory

cell (B) and from capitate stalked glands (C) isolated from sage leaves,

and of the whole leaf oil (D). The components indicated are a-pinene

(a), camphene (b), #-pinene (c),1,8-cineole (d), 3-isothujone (e), and

camphor(f). The column was 25 m fused silica coated with Carbowax

20 and was operated under the conditions described in "Materials and

Methods."

cell division) giving rise to filled, bulbous glands of a variety of

sizes. Similar oil gland development is observed in P. cablin
whereby secretion occurs at the one-, two-, and four-cell stages

(15). On the abaxial surface of mature sage leaves, the predomi-

nant sessile gland is the type with an eight-celled head, with the

remaining population (-65%) comprised largely of individuals

with one-, two-, and four-celled heads. Capitate stalked glands

outnumber capitate sessile glands by roughly two to one. As

expected, the surface density of the glands decreases with leaf

expansion, while the number of mature glands increases. Non-

glandular hairs comprised of two to four cells above a large basal

cell are numerous on both abaxial and adaxial surfacesof mature

leaves, with a stouter modification of this trichome type on

younger leaves.
To determine oil composition, individual glands of the three

major types (stalked glands, and sessile glands with one-celled

heads and with eight-celled heads) were collected manually from

the abaxial surface of mature leaves, the gland contents extracted

with ether and the extracts analyzed by capillary GLC. Analysis

of the extract obtained from sessile glands with eight-celled heads

produced a chromatogram (Fig. 2A) similar to that obtained on

analysis ofa total leaf extract (Fig. 2D), with a-pinene, camphene,

,B-pinene, 1,8-cineole, 3-isothujone, and camphor as major com-

ponents. Extracts of sessile glands with unicellular heads (Fig.

2B) and of stalked glands (Fig. 2C) did not differ significantly in
oil composition from that of the above, exhibiting but minor
differences in the relative proportions of components present.
The identity of the monoterpenes in the various extracts was
confirmed by combined GLC-MS. Thus, contrary to earlier
indications based on histochemical studies (21), direct analyses
of glandular contents indicate the stalked glands and sessile
glands (at both early and late developmental stages) produce a
very similar oil and therefore each must be capable of synthesiz-
ing all the major monoterpene types associated with this species.
The intracellular site(s) of monoterpene synthesis and the mech-
anism of oil transport to the extracellular chamber remain un-
certain, and questions regarding the relationship of cell division
to the onset of secretory activity have yet to be addressed. Further
studies employing transmission microscopy are underway.
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